Drug-drug interactions can cause unanticipated patient morbidity and mortality. The consequences of drug-drug interactions can be especially severe when anticancer drugs are involved because of their narrow therapeutic index. Veterinary clinicians have traditionally been taught that drug-drug interactions result from alterations in drug metabolism, renal excretion or protein binding. More recently, drug-drug interactions resulting from inhibition of P-glycoprotein-mediated drug transport have been identified in both human and veterinary patients. Many drugs commonly used in veterinary patients are capable of inhibiting P-glycoprotein function and thereby causing an interaction that results in severe chemotherapeutic drug toxicity. The intent of this review is to describe the mechanism and clinical implications of drug-drug interactions involving P-glycoprotein and anticancer drugs. Equipped with this information, veterinarians can prevent serious drug-drug interactions by selecting alternate drugs or adjusting the dose of interacting drugs.
I
n the United States, more than 2 million serious adverse drug reactions occur annually in hospitalized human patients with over 100,000 of these resulting in death. [1] [2] [3] These statistics do not include adverse drug events in nonhospitalized patient populations. Drugdrug interactions are estimated to represent 3-5% of these events. 1 Statistics regarding adverse drug events and drug-drug interactions in veterinary patients are not available. However, it is reasonable to assume that drug-drug interactions are a preventable cause of morbidity and death in veterinary patients. The margin of error for anticancer drugs is extremely low because dosage rates tend to approach the maximum tolerated dose. Thus, any drug-drug interaction that impacts the clearance of anticancer drugs escalates the likelihood of life-threatening toxicosis.
Understanding the mechanisms involved in drug-drug interactions is an important step in preventing their occurrence. The four mechanisms that are typically cited as causing drug-drug interactions include pharmaceutical interactions, inhibition of drug metabolism, inhibition of renal excretion, and displacement of highly protein bound drugs. More recently, interference with ATP binding cassette (ABC) transporters has been identified as a mechanism responsible for clinically important drug-drug interactions. 4 ABC drug transporters play key roles in limiting drug distribution to sensitive tissues (ie, blood-brain barrier) [5] [6] [7] and in biliary drug excretion, a key elimination pathway for many anticancer drugs. 5, [8] [9] [10] The ABC drug efflux transporter P-glycoprotein (P-gp) is especially prone to being involved in serious drug-drug interactions involving anticancer drugs because (i) several classes of anticancer drugs used in veterinary medicine are substrates for P-gp and (ii) a wide variety of drugs used in veterinary patients can inhibit P-gp-mediated drug efflux.
4,10,11
P-Glycoprotein Tissue Distribution and Function P-gp, the most well characterized drug transporter in the ABC protein superfamily is encoded by the ABCB1, previously named MDR1, gene.
12 Among oncologists, P-gp may be most well-known for its role in mediating chemotherapeutic multidrug resistance. Justifiably, when P-gp was first discovered in a multidrug resistant cell line, the gene encoding it was designated the multidrug resistance (mdr) gene. P-gp causes multidrug resistance by using energy derived from ATP hydrolysis to transport substrates across the plasma membrane often against a steep concentration gradient. 13 Because the transport is unidirectional, from within the cell to the extracellular space, tumor cells expressing P-gp have relatively low intracellular concentrations of anticancer drugs that are transported by (substrates for) P-gp compared to tumor cells that do not express P-gp. Thus, tumor cells expressing P-gp are resistant to a variety of structurally and functionally diverse anticancer drugs that are P-gp substrates (Table 1) . 12, 13 Despite its important role in mediating chemotherapeutic drug resistance, it is doubtful that P-gp actually evolved to protect tumor cells from anticancer drugs. It was not until many years later that researchers began investigating a possible physiologic function for the transporter. Expression of P-gp was identified in nonneoplastic tissues initially in humans and rodents and much later in companion animal species. 5, 14 The highest levels of P-gp expression by "normal" cells occurs in tissues that either serve as barriers to drug absorption (apical border of intestinal epithelial cells), enhance drug elimination from the body (biliary canalicular or renal tubular epithelial cells), or on capillary endothelial cells at so-called sanctuary sites (blood-brain barrier; testes; and placenta). 12 Because of its strategic location and its highly efficient drug efflux function, P-gp limits oral absorption, enhances excretion, and prevents entry of substrate drugs into specialized tissues. 5, 12, 13 From an evolutionary perspective, it is presumed that P-gp functions in a protective capacity for mammalian organisms by decreasing their exposure to potentially toxic xenobiotics. 12 Thus, it should not be surprising that animals with defective P-gp function are highly susceptible to toxicosis when treated with drugs that are P-gp substrates. [15] [16] [17] Substrates for P-gp include not only anticancer drugs (Table 1) , but a wide variety of other drugs as well ( Table 2) .
Much of what is known about P-gp's role in drug disposition in veterinary patients has been generated from studies and clinical observations of dogs affected by a well-characterized mutation in the ABCB1 (MDR1) gene. This particular polymorphism [ABCB1-1D; nt230 (del4)MDR1; "the MDR1 mutation"] consists of a 4 base-pair deletion mutation at the 5 0 end of the ABCB1 gene. 16 The deletion results in a shift of the reading frame that generates several premature stop codons terminating protein synthesis before 10% of the protein product is synthesized. Dogs with two mutant alleles (MDR1 mutant/mutant) exhibit a P-gp null phenotype, similar to abcb1 (mdr1) (-/-) knockout mice. 18 Heterozygotes, dogs with one mutant allele and one wild-type allele (MDR1 mutant/normal) have an intermediate phenotype with decreased P-gp function compared to wildtype (MDR1 normal/normal) dogs. 9 Affected dogs include many herding and some sight-hound breeds (Table 3) . [19] [20] [21] [22] [23] [24] Intrinsic P-gp dysfunction in these dogs dramatically illustrates the important role P-gp plays in the disposition of substrate drugs, particularly drug distribution and biliary drug excretion. 6, 9, 17, 25, 26 Because P-gp is a component of the blood-brain barrier, distribution of P-gp substrate drugs to the brain is greatly increased in dogs homozygous for the MDR1 mutation (MDR1 mutant/mutant) dogs and moderately Vinca alkaloids = vinblastine, vincristine, vinorelbine. The asterisk indicates drugs for which evidence in the dog (specifically) exists; otherwise data was from human or rodent studies. increased in heterozygous dogs (MDR1 mutant/normal). 6, 16, 25, 26 Macrocyclic lactones such as ivermectin can cause neurological toxicosis in any animal at high doses (greater than 2 mg/kg). 27 MDR1 mutant/mutant dogs experience severe neurological toxicosis at much lower doses (~120 lg/kg) because the defective bloodbrain barrier allows ivermectin to accumulate in brain tissue of these animals. 16, 28 Other P-gp substrates (eg, loperamide, ondansetron, acepromazine, butorphanol, milbemycin, selamectin, and moxidectin) are more likely to cause neurological toxicosis in dogs with the MDR1 mutation compared to wild-type dogs. 6, 11, 26 At typical doses, loperamide causes central nervous system depression in MDR1 mutant/mutant dogs, but not in wildtype dogs. 6 Acepromazine and butorphanol cause more profound and prolonged CNS depression in dogs with the MDR1 mutation compared to wild-type dogs.
a Collectively, these examples underscore P-gp's critical role in drug disposition at the blood-brain barrier.
Drug excretion, like drug distribution is also an important P-gp function. P-gp is expressed on both renal tubular cells and biliary canalicular cells but whether or not it plays a clinically relevant role in renal drug excretion in dogs is not known. 5 Conversely, ample evidence exists demonstrating the important role P-gp plays in biliary drug excretion in dogs. Studies comparing biliary excretion of the radiolabeled P-gp substrate 99m Tc-sestamibi in MDR1 normal/normal and MDR1 mutant/mutant dogs demonstrate that MDR1 mutant/mutant dogs are unable to excrete this compound into bile.
99m
Tc-sestamibi is essentially undetectable in gallbladders of MDR1 mutant/mutant dogs but is highly concentrated in gallbladders of MDR1 normal/normal dogs (Fig 1) . Similarly, in studies involving mdr1 knockout mice, biliary excretion of the P-gp substrate irinotecan was significantly decreased, roughly 40%, in mdr1 knockout mice compared to wild-type mice. 29 Extrinsic P-gp deficiency, because of druginduced inhibition of P-gp, can also decrease biliary excretion of P-gp substrates. In rats for example, concurrent administration of a P-gp-inhibitor decreases the biliary clearance of doxorubicin, a P-gp substrate, resulting in increased plasma concentrations of doxorubicin. 8 Similarly, administration of verapamil, a P-gp inhibitor, to rats decreased biliary excretion of the P-gp substrate irinotecan by half. 30 Decreased biliary excretion of chemotherapy drugs would increase the patient's overall exposure to the drug, with a corresponding increase in the likelihood of drug-induced toxicity such as myelosuppression and adverse gastrointestinal effects.
P-gp Deficiency and Sensitivity to Anticancer Drugs
Diminished biliary drug excretion is considered to be the mechanism responsible for the increased sensitivity of MDR1 mutant/mutant and MDR1 mutant/normal dogs to the myelosuppressive and gastrointestinal effects of chemotherapeutic drugs that are P-gp substrates. A prospective study demonstrated that these dogs are significantly more likely to develop hematologic toxicity, both neutropenia and thrombocytopenia, after treatment with the P-gp substrate vincristine (0.5-0.7 mg/m 2 ) than MDR1 normal/normal dogs. 17 The authors considered a similar study assessing doxorubicin toxicosis in dogs with the MDR1 mutation, but abandoned the study because the first two MDR1 mutant/mutant dogs that received doxorubicin (30 mg/ m 2 ) died from overwhelming neutropenic sepsis. In dogs, vincristine is eliminated primarily via biliary excretion of parent drug with some urinary excretion of parent drug and metabolites. 31 In other species, biliary excretion of doxorubicin is a critical component of its overall clearance. 8 Therefore, MDR1 mutant/mutant and MDR1 mutant/normal dogs should receive reduced doses of P-gp substrate chemotherapeutic agents (eg, doxorubicin, vincristine, vinblastine) in order to avoid severe toxicosis. The fact that MDR1 mutant/mutant and MDR1 mutant/normal dogs tolerate full doses of non-P-gp substrate chemotherapeutic drugs such as alkylating agents, platinum compounds and antimetabolites lends credence to the contention that deficient P-gp-mediated biliary excretion is the mechanism responsible for the increased sensitivity of MDR1 mutant/mutant and MDR1 mutant/normal dogs to chemotherapeutic drugs that are P-gp substrates.
Increased brain penetration of P-gp substrates such as macrocyclic lactones, loperamide, acepromazine, and butorphanol causes greater CNS depression in MDR1 mutant/mutant and MDR1 mutant/normal than in MDR1 normal/normal dogs. 6, 11 For these drugs, CNS depression is an adverse effect observed (and expected) when these drugs are administered at high or extremely high doses to any patient. For chemotherapeutic drugs, CNS depression is not a common adverse reaction. Tc-sestamibi activity (arrow head) is present in the gallbladder in the MDR1 normal/normal whereas a void of activity is observed in the location of the gallbladder in the MDR1 mutant/ mutant dog. 9 Reproduced from: Coelho JC 1 , Tucker R, Mattoon J, Roberts G, Waiting DK, Mealey KL Biliary excretion of technetium-99m-sestamibi in wild-type dogs and in dogs with intrinsic (ABCB1-1Delta mutation) and extrinsic (ketoconazole treated) Pglycoprotein deficiency. J Vet Pharmacol Ther. However, intrathecal administration of vincristine in human patients is associated with a central neuropathy consisting of ascending progressive radiculomyeloencephalopathy. 32 Vincristine-induced central neurotoxicity occurred after intravenous, not intrathecal, administration in a collie (MDR1 mutant/mutant) described in a recent case report. 33 Because extensive work-up including advanced imaging, cerebrospinal fluid analysis and infectious disease (Neospora, Toxoplasma) titers ruled out other potential causes for the dog's neurological signs, it was concluded that vincristine was able to penetrate this dog's blood-brain barrier because of P-gp deficiency. Thus, it is important to keep in mind enhanced neurological toxicity as a sequelae of P-gp deficiency for those chemotherapeutic agents that are both neurotoxic and substrates for P-gp.
P-gp Inhibition Mimics Genetically Mediated P-gp Deficiency
Because P-gp contributes to multidrug resistant tumor phenotypes in cancer patients, numerous drug candidates have been developed to inhibit P-gp in an effort to improve outcome in patients treated with chemotherapy. 10, 34 In human clinical trials involving P-gp inhibitors unexpected and undesired pharmacokinetic interactions ensued between the inhibiting agents and the chemotherapeutic drugs. As a result, patients experienced severe adverse effects necessitating discontinuation or dose reductions of the chemotherapeutic drug(s). 4, 35 For example, the potent P-gp inhibitor valspodar was concurrently administered with the P-gp substrate vinblastine to human patients with advanced malignancies. Because of severe toxicoses (myelosuppression and gastrointestinal) related to relative increases in vinblastine exposure, many patients required significant dose reductions (~50%) for subsequent vinblastine treatments. 10 A different clinical trial in human patients with advanced cancer, this one using paclitaxel as the cytotoxic P-gp substrate and valspodar as the P-gp inhibitor, yielded similar results. Dose-limiting neutropenia necessitated paclitaxel dose reduction to compensate for the drugdrug interaction. 36 Numerous other studies have documented these types of drug-drug interactions whereby a P-gp inhibiting drug increases a patient's overall exposure to a P-gp substrate cytotoxic drug including vinca alkaloids, doxorubicin and paclitaxel (reviewed by Varma). 37 The current consensus regarding overcoming the phenomenon of P-gp-mediated chemotherapeutic resistance is that pharmacological P-gp inhibitors cannot discriminate between P-gp expressed by normal tissues, which protects the patient, and P-gp expressed in cancerous tissue, which harms the patient. 4, [35] [36] [37] Therefore, despite in vitro success in using P-gp inhibitors to enhance a chemotherapeutic drug's ability to kill tumor cells, this strategy has been abandoned in clinical practice because of enhanced toxicity in the patient. P-gp inhibitors used in the human clinical trials just described were specifically synthesized to be used in combination with P-gp substrate anticancer drugs. However, many drugs commonly used in veterinary patients are also capable of inhibiting P-gp function (Table 3) . Examples include a variety of structurally and functionally unrelated compounds including ketoconazole, spinosad, cyclosporine, omeprazole and others. 4, 9, 38 It is essential for veterinarians working with animals receiving cytotoxic P-gp substrates to understand that pharmacological P-gp inhibition, so-called "acquired" or "extrinsic" P-gp deficiency, can mimic what occurs in dogs with the MDR1 mutation, socalled "endogenous" or "intrinsic" P-gp deficiency. For example ketoconazole increases brain penetration of ivermectin in MDR1 normal/normal dogs causing the same neurological toxicity one would expect to see in a Collie with the MDR1 mutation (unpublished data). Ketoconazole's ability to inhibit P-gp-mediated biliary excretion of P-gp substrates has been demonstrated using the radiolabelled P-gp substrate 99m Tc-sestamibi Tc-sestamibi before treatment with the P-gp inhibitor ketonazole than after treatment with ketoconazole. Similar effects would be expected for chemotherapeutic drugs whose clearance involves P-gp mediated biliary excretion (ie, vinca alkaloids, doxorubicin, taxol). Because these drugs have a narrow therapeutic index, the delayed clearance resulting from the drug-drug interaction would produce unexpectedly severe adverse effects in the patient relative to the dose administered. This is presumed to be what happened to a dog (MDR1 normal/normal) being treated with vinblastine for a grade II mast cell tumor. The dog experienced unexpectedly severe adverse effects (Grade 4 neutropenia and Grade 3 vomiting) after receiving a standard dose of vinblastine (2 mg/m 2 ) concurrently with ketoconazole. Ketoconazole had been prescribed to treat a presumed fungal infection. The severe vomiting and neutropenia led to sepsis, multiple metabolic disturbances and cardiac arrest. In humans, nearly 30% of an intravenous dose of vinblastine is actively excreted into the bile by P-gp. 39 Ketoconazole also inhibits cytochrome P450 (CYP)-mediated metabolism of vinblastine.
b Thus, this patient experienced an overdose of vinblastine, despite administration of the recommended dose, because of ketoconazole's inhibitory effects on CYP and P-gp-mediated vinblastine elimination. Concurrent use of ketoconazole with other P-gp substrate chemotherapeutic agents (Table 1) would be expected to cause similar adverse effects.
There is currently both anecdotal and experimental evidence that drug-drug interactions involving P-glycoprotein occur in MDR1 normal/normal dogs. These drug interactions can be severe. However, it is likely that MDR1 mutant/normal dogs (Table 3) would have an even higher risk of clinically significant P-glycoprotein-mediated drug-drug interactions because of intrinsically diminished P-glycoprotein function.
P-gp Inhibitors
P-gp inhibitors can act (i) by blocking the drug binding site either competitively, noncompetitive or allosterically; (ii) by interfering with ATP hydrolysis which is required for P-gp function; or (iii) by altering integrity of cell membrane lipids. 4 From a clinical perspective, the most important mechanism involves competitively and noncompetitively blocking drug binding sites. It is essential to note that P-gp has more than one drug (substrate) binding site, complicating our understanding of drug-drug interactions involving P-gp. Site-directed mutagenesis studies have demonstrated that certain mutations alter P-gp's affinity for some substrates, but not others. 40 Thus, it is possible that some P-gp inhibitors might affect transport of vinblastine, for example, but not doxorubicin. Unfortunately the factors that determine P-gp binding site selectivity have not yet been determined. Consequently it is not possible to predict which P-gp substrate drugs in Table 1 would be safe to use concurrently with P-gp inhibiting drugs in Table 4 .
Conclusion
Many years passed between the initial discovery of P-gp and the realization that P-gp contributed substantially to the disposition of chemotherapeutic drugs not only within tumor cells, but in the patient. The importance of P-gp mediated drug-drug interactions has only recently been identified as a clinically important problem in human patients. Thus, drug package inserts may not contain information about P-gp-mediated drugdrug interactions. Improved understanding of P-gp drug binding sites and P-gp dependent drug clearance and distribution mechanisms will enhance our ability to more specifically predict P-gp-mediated drug-drug interactions. Until then, veterinarians will need to take a proactive role in considering potential drug interactions involving P-gp. 
